This paper considers the problem of robust stability for Lur'e systems with interval time-varying delays and parameter uncertainties. It is assumed that the parameter uncertainties are norm bounded. By constructing a newly augmented Lyapunov-Krasovskii functional, less conservative sufficient stability conditions of the concerned systems are introduced within the framework of linear matrix inequalities (LMIs). Three numerical examples are given to show the improvements over the existing ones and the effectiveness of the proposed methods.
Introduction
The Lur'e system is one of a significant class of nonlinear systems and has a nonlinear element satisfying certain sector bounded constraints. Since the Lur'e system and absolute stability were firstly introduced by [, ] , the study of the absolute stability for Lur'e system has attracted many researchers. Most nonlinear systems consist of feedback connections of linear dynamic systems and nonlinear elements. Thus, as regards practical systems, there are various kinds of nonlinearities it takes to operate various tasks of systems. For this reason, during a few decades, Lur'e system has received a great deal of attention due to its extensive applications [, ] . Moreover, we need to pay close attention to a delay in the time, which is a natural concomitant of the finite speed of information processing and/or amplifier switching in the implementation of the systems in various systems such as physical and biological systems, population dynamics, neural networks, networked control systems, and so on. It is well known that the time delay often causes undesirable dynamic behavior, such as performance degradation and instability of the systems. Therefore, the study on stability analysis for systems with time delay has been widely investigated. For more details, see the literature [-] and references therein. The recent remarkable result in the delay-dependent stability analysis of dynamic systems is the Wirtinger-based integral inequality [] . This method provides a tighter lower bound of the integral terms of the quadratic form. It was shown that this method can be applied and effectively reduce the conservatism of various problems such as stability analysis of systems with constant and known delay or a time-varying delay, stabilization of sampled-data systems, and so on.
Returning to the Lur'e system, this system is also booked for the stability problem with time delay [-] . Above all, in [] , the time-delayed Lur'e systems are dealt with sector ©2014 Park et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. http://www.advancesindifferenceequations.com/content/2014/1/143 and slope restricted nonlinearities and uncertainties. Li et al. [] investigated the problem of delay-dependent absolute and robust stability for time-delay Lur'e system and the relaxed conditions were presented some previously ignored terms when estimating the triple integral Lyapunov-Krasovskii functional terms' derivative. In [] , the problems of master-slave synchronization of Lur'e systems under time-varying delay-feedback controllers were investigated in the framework of LMIs. Ramakrishnan and Ray [] proposed an improved delay-dependent sufficient stability condition for a class of Lur'e systems of neutral type by imposing tighter bounding on the time derivative of the LyapunovKrasovskii functional without neglecting any useful terms with a delay-partitioning approach. However, there is room for further improvements in stability analysis of Lur'e system with time delay.
With the motivation mentioned above, in this paper, the problem to get improved delaydependent sufficient stability conditions for a class of Lur'e systems with interval timevarying delays and parameter uncertainties are considered. Here, stability or stabilization of a system with interval time-varying delays has been a focused topic of theoretical and practical importance [] in very recent years. The system with interval time-varying delays means that the lower bounds of the time delay which guarantees the stability of system is not restricted to zero, and they include the networked control system as one of the typical examples. Moreover, the analyses of systems with time delay can be classified as delay-dependent and delay-independent analysis [] . To achieve this, by construction of a newly augmented Lyapunov-Krasovskii functional and utilization of a Wirtinger-based inequality [] and a reciprocally convex approach [] , new delay-dependent robust sufficient stability conditions are derived in terms of LMIs, which can be formulated as convex optimization algorithms which are amenable to computer solution [] . Finally, three numerical examples are included to show the effectiveness of the proposed methods.
Notation R
n is the n-dimensional Euclidean space, and R m×n denotes the set of all m × n real matrices. X >  (respectively, X ≥ ) means that the matrix X is a real symmetric positive definite (respectively, semidefinite) matrix. I n and  denote n × n identity matrix and zero matrix of appropriate dimension, respectively. · refers to the Euclidean vector norm or the induced matrix norm. diag{· · · } denotes the block diagonal matrix. For square matrix X, sym{X} means the sum of X and its symmetric matrix X T , i.e.,
∈ R m×n means that the elements of matrix
Preliminaries and problem statement
Consider the uncertain Lur'e systems with time-varying delays given bẏ
where x(t) ∈ R n is the state vector, y(t) ∈ R n y is the output vector, ψ(·) ∈ R n y denotes the nonlinearity, which satisfies ψ i () =  (i = , . . . , n y ), and
where γ -i and γ + i are given constants. Here, for simplicity, let us define
n×n y , and C ∈ R n y ×n are the system matrices; and A(t), A d (t), and B(t) are the parameter uncertainties of the form
where
, and E b ∈ R n u ×n y are real known constant matrices; and F(t) ∈ R n u ×n u is a real uncertain matrix function with Lebesgue measurable
The delay h(t) is a time-varying continuous function satisfying
The aim of this paper is to investigate the delay-dependent stability analysis of system () with interval time-varying delays and parameter uncertainties.
For simplicity of the system's representation, the system can be formulated as follows:
Also, before deriving our main results, the following lemmas will be used in main results.
Lemma  ([]) For a given matrix M > , the following inequality holds for all continuously differentiable function x in
following statements are equivalent:
Main results
In this section, new sufficient stability conditions for the system () will be derived. For convenience, the notations of several matrices are defined as
where e i ∈ R (n+n y +n u )×n (i = , , . . . , ) are defined as block entry matrices, e.g., e
Then the following theorem is given as the main result.
Theorem  For given scalars
definite diagonal matrices L i ∈ R n y ×n y (i = , ), K ∈ R n y ×n y , and any matrix M ∈ R n×n satisfying the following LMIs: Proof Let us consider the following Lyapunov-Krasovskii functional candidate:
It should be noted that
The time derivative of V can be calculated aṡ
t)( [h(t),ḣ(t)] +  )ζ (t) -h m t t-h mẋ T (s)R ẋ (s) ds
By Lemma , the integral terms of theV are bounded as
and
 (t) = x(t -h m ) + x t -h(t) - h(t) -h m t-h m t-h(t) x(s) ds = (e  + e  -e  )
T ζ (t), http://www.advancesindifferenceequations.com/content/2014/1/143
Furthermore, if the inequality () holds, applying the reciprocally convex approach in [] to () leads to
for any n × n matrix M, where
In addition, the following inequality holds for any positive diagonal matrix K :
Moreover, with the relational expression between p(t) and q(t), p T (t)p(t) ≤ q T (t)q(t), from
the system (), there exists a scalar >  satisfying the following inequality:
From () to () and by applying the S-procedure [],V has a new upper bound: Then a new stability condition for the system () can be written:
subject to ϒζ (t) = . Here, the above condition is affinely dependent on h(t) andḣ(t). Also, from (i) and (iii) of Lemma , if the inequality () holds, then for any free matrix X with appropriate dimension, the condition () is equivalent to
From () to (), if () holds, then there exist positive scalars
. Therefore, it can be seen that for all time t, if
From the Lyapunov stability theory, it can be concluded that if () holds, then the system () is asymptotically stable. Lastly, by utilizing (ii) and (iii) of Lemma , one can confirm that the inequality () is equivalent to the inequality (). This completes our proof. http://www.advancesindifferenceequations.com/content/2014/1/143
As a special case of Theorem , when the system () is the nominal form and the information aboutḣ(t) is unknown, then, based on a new Lyapunov-Krasovskii functional candidate given by
the following theorem can be obtained.
Theorem  For given scalars
onal matrices L i ∈ R n y ×n y (i = , ), K ∈ R n y ×n y , and any matrix M ∈ R n×n satisfying the LMIs () and Proof The new upper bound of the time derivative of () can be calculated aṡ
whereˆ i are the two vertices ofˆ [h(t)] with the bounds of h(t), that is, h M when i = 
wherê 
Illustrative examples
Example  Consider the system () with 
with the nonlinear function h( 
Furthermore, according to the works [, ], a master-slave error system using static error feedback control with time-varying delay is presented aṡ 
and defining e(t) = m(t) -s(t) leads tȯ e(t) = (A + K)e(t) -LCe t -h(t) + Bψ Ce(t) .
Here, ψ(s) belongs to the sector bound [, ]. For comparison with the existing works, the controller gains are selected by
Synthetically, the above error system is equal to the nominal form of system () with 
Conclusions
In this paper, the delay-dependent stability problem for the Lur'e systems with interval time-varying delays and parameter uncertainties was dealt. In Theorem , the improved http://www.advancesindifferenceequations.com/content/2014/1/143 robust sufficient stability condition for the concerned systems was proposed by introducing the augmented Lyapunov-Krasovskii functional and using some approaches. In Theorem , based on the result of Theorem , the sufficient stability condition for the nominal form of Lur'e systems with interval time-varying delays having a constraint on the unknownḣ(t) was presented. Three illustrative examples have been given to show the effectiveness and usefulness of the presented sufficient conditions.
